A study on the effect of nalidixic acid on macromolecular metabolism, particularly of protein, in Tetrahymena pyriformis was performed. It was shown that the compound is a potent inhibitor of deoxyribonucleic acid, ribonucleic acid, and protein synthesis for this organism. A conspicuous breakdown of polysomes, accompanied by the accumulation of 80S ribosomes, occurred in cells incubated for 10 min with the drug; polysome formation was prevented. The accumulating 80S particles were shown to be run-off ribosomal units. The incorporation of amino acids by a cell-free system is not affected by nalidixic acid. In nonproliferating cells the incorporation was also not prevented, unless the cells were previously incubated with the drug. These results are discussed in terms of the possible mechanism of action of nalidixic acid in T. pyriformis.
Since the synthesis by Lesher et al. in 1962 (11) of a series of naphthyridine derivatives, one of them, 1-ethyl-7-methyl-4-oxo-1,8-naphthyridine 3-carboxylic qcid, named nalidixic acid (NX), has called the attention of a number of workers (3, 4, 7, 9, 16, 20, 21) . Accumulated evidence indicates that the drug specifically blocks deoxyribonucleic acid (DNA) synthesis in bacteria; ribonucleic acid (RNA) and protein synthesis are not directly affected (8) . A few reports have appeared bearing on the effect of NX on eucaryotic systems. The restults obtained so far are not particularly elucidative of the mechanism of action of the drug. Growth of the yeast Kluyveromyces lactis is arrested and a conspicuous and preferential repression of mitochondriajl DNA synthesis is observed (12) . In Saccharomyces cerevisiae no selective inhibition of DNA could be demonstrated. Instead a transient block of total DNA, RNA, and protein synthesis was found (14) . In Euglena gracilis NX blocks chloroplast replication (13) .
In this paper work is reported which shows that NX blocks the synthesis of DNA, RNA, and protein in cells of Tetrahymena pyriformis. The inhibition of protein synthesis is not transient and seems to be independent of the repression of RNA synthesis. Furthermore, some of the results here presented are compatible with the occurence of inhibition, caused by the antibiotic, of one or more steps in the process of initiation of new polypeptide chains.
MATERIALS AND METHODS Organisms and conditions of cultivation. T.
pyriformis GL was used throughout this work. The cells were grown in the following medium: 0.2% peptone, 0.2% yeast extract, and 0.5% glucose. The medium was sterilized in the autoclave at 121 C for 30 min. Cultures were grown in 1-liter Erlenmeyer flasks containing 500 ml of medium with shaking at 29 C in a New Brunswick gyratory shaker set at 125 turns per min. The generation time under these conditions was 3.8 h. Growth was measured by the absorption at 660 nm using a standard curve as reference.
In vivo isotope incorporation. DNA, RNA, and protein synthesis in whole cells were estimated by the incorporation, respectively, of radioactive thymidine, uracil, and leucine into the cold trichloroacetic acidprecipitable cell fraction. For measurements of radioactivity 2-ml samples were withdrawn from the cell suspension and mixed with 2 ml of cold 10% trichloroacetic acid. The precipitates were collected on glass fiber filter disks and washed three times with cold 5% trichloroacetic acid. The filters were glued on aluminum planchets and dried, and the radioactivity was counted in a gas flow counter at 35% efficiency.
Cell-free system. A detailed description of the procedure used for the preparation of the system is given elsewhere (J. F. 0. Carvalho, J. F. de Castro, N. Moussatche, and F. T. de Castro, manuscript in preparation). Briefly, a crude homogenate was obtained by treating the cells with 1% Nonidet P-40 in TMKG buffer [10 croscope during the time of incubation the cells were seen to move freely.
Effect of NX on DNA, RNA, and protein synthesis. Figure 2 shows the effect of NX, at different concentrations, on the incorporations of thymidine (A), uracil (B), and leucine (C and D). For the first three experiments the cells were incubated for 30 min with the respective radioactive precursor before NX was added. In the experiment summarized in Fig. 2D , the precursor and the inhibitor were added at zero time. At the chosen time intervals portions were taken and treated for the measurement of radioactivity as indicated above.
As can be seen ( Fig. 2A-C) , the kinetics of incorporation of all three precursors in the presence of the inhibitor were very similar. In each case, within 30 min of incubation with NX inhibition was already apparent for each one of the three levels of the drug. As shown in Fig. 2D the previous incubation with NX was a conzctivity as described. In ..
procedure followed was spicuous inhibition of leucine incorporation e and nalidixic acid were (Fig. 4) tially growing cultures, NX was not inhibitory to amino acid incorporation in a cell-free system ( Table 1) .
Effect of NX on protein synthesis in nonproliferating cells. The antibiotic did not prevent protein synthesis in whole cells maintained in nonproliferating conditions. Under these circumstances, the level of leucine incorporated was almost identical either in the presence or in the absence of the inhibitor (Fig. 3) .
In the cell-free experiment, the amino acid incorporated gave a measure of the amount of chain elongation performed by the system, since under the conditions adopted there is no noticeable recycling of the ribosomes, that is to say no manifest initiation of polypeptide chains occurs (unpublished data). The same is most probably true for the experiment with nongrowing cells. the level of radioactivity incorporated in the alkali-labile fraction was about the same either in the presence or in the absence of NX (not shown).
Effect of NX on polyribosome stability and formation. The addition of NX to exponentially growing cultures was followed, in a relatively short time, by extensive degradation of cell polysomes with the accumulation of 80S particles. Figure 5 shows the level of the polysomes in cells treated for 10 min with NX at different concentrations.
The nature of the 80S particles formed was investigated by probing their stability on high salt buffer. It has been shown (10, 22) that this treatment causes the dissociation of run-off ribosomes but not of the ribosomal units still attached to fragmented polysomal messenger (m)RNA. Figure 5E shows that the 80S peak formed after NX treatment was completely dissociated in the presence of 0.5 M KCl. This behavior indicates that such particles are not associated with mRNA fragments and peptidyltransfer RNA: that is to say, they do not result from fragmentation of polysomal mRNA. It thus appears that the 80S particles accumulated in cells treated with NX are run-off ribosomes. This conclusion is in aggreement with the antagonistic effect exerted by cycloheximide on the degradation of polysomes in cells treated with NX. Cycloheximide is known to freeze polysomes of eucaryotic cells by blocking the translocation step in the ribosome cycle (18) . This property makes the drug suitable to counteract the effect of disaggregating agents (2) . In cells that had previously been incubated with cycloheximide, the polyribosome degradation in the presence of NX was much less conspicuous (Fig. 6) .
The effect of NX is also manifested in the formation of polysomes, as can be shown by the next experiment (Fig. 7) . Cells of T. pyriformis rapidly lose their polysomes when they are washed and suspended, at a high population density, in NPM buffer. Transfer of the cells thus treated back into a fresh peptone medium resulted in almost complete polyribosome recovery within 45 min (Fig. 7A, B) . When NX was present polyribosome formation was repressed (Fig. 7C) .
DISCUSSION
The results presented here indicate that the effect exerted by NX on Tetrahymena is more general than that reported for Escherichia coli 1.g/ml), followed bS nalidixic acid (50 1.g/ml) for 30 min. The cells of each culture were collected by centrifugation and treated for the preparation of ribosomes as indicated in Materials and Methods. ments described here suggests that the effect of NX on protein synthesis in Tetrahymena is likely to be the result of a specific inhibition of one or more steps required for the initiation of polypeptide chains. Effect of nalidixic acid on polysome reformation. Cells from an exponentially growing culture were collected and suspended in NPM buffer as described for Fig. 3 , except that the cell density was adjusted to 1.2 absorbance units at 660 nm. After resting for 10 min the suspension was divided into three portions: (A) immediately taken for the preparation of ribosomes; (B) diluted with fresh peptone medium; and (C) diluted with peptone medium containing nalidixic acid (20 ug/ml). After 45 min the cells of both (B) and (C) were collected for the preparation of ribosomes. The ribosomes of all three samples were analyzed as indicated in Materials and Methods.
A complex of 40S/met-transfer RNA has now been demonstrated in eucaryotic cells (6, 17 (6) .
Work now in progress in our laboratory is aimed at examining the possible interference of NX with the formation of one or more of the above mentioned complexes.
